Fumed silica (FS) and synthetic boehmite alumina (BA) with and without surface treatments were incorporated in 5 wt. % in low density polyethylene (LDPE) through melt blending. FS was treated by hexadecyl silane, whereas BA by octyl silane and alkylbenzene sulfonic acid.
Introduction
Modification of polymers by various nanoparticles has attracted vivid interest in both academia and industry. This is due to the property improvements achieved at remarkably low nanofillers content. Property improvements may cover both structural (mostly mechanical performance) and functional properties (e.g. various conductivities). The fillers are of organic and inorganic natures and their size, at least in one direction, is in the nanometer range. Like traditional fillers, the nanoparticles can be categorized upon their aspect ratio. Accordingly, one can differentiate between spherical, platy and fibrous fillers. The outstanding property profile of nanocomposites is attributed to the size, dispersion characteristics of the nanoparticles and to the onset of favorable filler/matrix interactions [1] .
Incorporation of nanofillers usually increased the resistance to thermal, thermooxidative degradations of the corresponding nanocomposites. This was usually reflected by a shift toward higher temperatures in the related thermogravimetric analysis (TGA) traces when comparing those of the plain and nanomodified polymer, respectively. This behavior was reported for low density and linear low density polyethylene (LDPE and LLDPE, respectively) modified with copper nanoparticles [2] , layered double hydroxides [3] [4] , layered silicates (clays) [3, [5] [6] , silica [5] , chalk [7] , multiwall carbon nanotubes [8] [9] , alumina [10] [11] and boehmite alumina [12] [13] . Similar results were reported for fumed silica filled high density PE nanocomposites [14] [15] . By contrast, graphene caused an adverse effect that was traced to the presence of physisorbed water [16] . Note that the above listed nanoparticles cover spherical, platy and fibrous ones, as well. The observed enhancement in the thermooxidative stability was attributed to the hampered diffusion of oxygen and volatile decomposition products in-and outward, respectively, in the nanocomposites. Accordingly, the delayed thermal degradation should depend on the shape (aspect ratio) and specific surface area of the nanoparticles. The latter govern the filler/matrix interactions. In fact, platy (disk-type) fillers, such as layered silicates [5] and fibrous (needlelike) ones, such as carbon nanotubes [8] [9] , markedly enhanced the resistance to thermooxidation, and even to fire. Comparing the thermal stability of LDPE/copper nano-and microcomposites it was found that the nanoparticles are more efficient "thermooxidative additives" than the microscaled ones [2] . The surface treatment of the particles should influence the thermooxidative stability of the matrix, as well. This occurs by two ways: i) changing the dispersion, and ii) improving the matrix/filler interactions. In order to separate the above effects and thus get a deeper insight in the effects of surface treatments nanocomposites with such nanoparticles should be selected which can well be dispersed also without surface treatments.
It was reported that fumed silica (FS) can be finely dispersed in polyethylene and surface treatment does not alter its dispersion characteristics [15, 17] . Synthetic boehmite alumina (BA) has a similar feature. BA can also be homogeneously and finely dispersed in PEs without surface treatment [12, 18] . It has to be underlined, however, that the mean size of the dispersed nanoparticles (being agglomerates) is a multitude of the primary one and its value increased with the filler loading. Nonetheless, both FS and BA can be finely and homogenously dispersed in polyethylenes as demonstrated before [12, 15, [17] [18] . There is a large difference in the specific surface area of the above nanofillers: FS has a doubled value of BA. Further, there is a difference in their aspect ratios, too. FS exhibits an aspect ratio of 1, whereas that of BA, though disk-shaped, a markedly larger one. However, the related agglomerates are of spheroid appearance in both cases and thus comparable. Therefore these nanofillers, viz. FS and BA, with and without surface treatments were selected to study their effects on the thermooxidative stability of LDPE. FS was treated with hexadecyl silane, whereas BA with octyl silane and alkylbenzene sulfonic acid, respectively. Thermooxidative stability of LDPE nanocomposites, containing 5 wt.% filler, was studied by pyrolysis gas chromatography-mass spectomertry (Py-GC-MS) and thermogravimetric analysis (TGA). The decomposition was studied in both isothermal (Py-GC-MS) and dynamic (TGA) conditions. TGA traces were registered at different heating rates in order to calculate the apparent activation energy of the thermal decomposition. respectively. Characteristics of BA are also listed in Table 1 .
Experimental

Materials and sample preparation
The above nanofillers were incorporated in 5 wt.% in LDPE. Nanocomposites were prepared via melt compounding using a Haake Rheomix OS internal mixer (Thermo Fischer Scientific, Karlsruhe, Germany). Mixing lasted for 8 min at 175°C at 60 revolutions per minute (rpm). 
Measurements
Py-GC-MS
Pyrolysis-GC-MS analysis was performed by a Thermo Trace GC Ultra coupled to a Thermo
Trace DSQ from Thermo Scientific and CDS 100 Pyroprobe. The column was first held at 40 °C for 1 min then heated at 20 °C/min to 250 °C and held there for 10 min. The interface temperature was 300 °C and pyrolysis temperature 700 °C. Restek Rxi-5ms/15 m/0.25 mmID column was used in this study. Helium was used as a carrier and as a pyrolysis gas.
TGA-FTIR
A Cahn Versa Thermo HM TGA device interfaced with a Nicolet Nexus 470 Fourier transform infrared (FTIR) bench was used. A custom-made connector prevented condensation of decomposition products (temperature about 100 °C). The 1.1 m evolved gas analysis (EGA) transfer line was unheated. A small pump was used to draw the gas from TGA to the gas cell. Nitrogen was used as a purge gas. The samples weighed typically 50 ± 5 mg and the temperature was raised from room temperature to 700 °C in a 50 ml flow in air at heating rates of 5, 10 and 20 °C/min. The gas cell was placed in the IR scanning path for the 
LDPE/FS-C16 nanocomposite
One recognizes already at the first glance that there is no prominent change in retention time peaks. The only difference is linked with the relative amount of the evolved gases. This suggests that the presence of fumed silica, with and without surface treatment, did not affect the thermal decomposition pathway. It is widely accepted [19] [20] [21] that the thermal degradation of polyethylene starts with random scission fragmenting the original polymer backbone. The length of these molecular fragments composed mostly of alkenes and alkanes, vary in a broad range. Recall that dienes and alkenes are formed by beta-scission of the primary macroradicals, whereas their intermolecular hydrogen transfer yields alkanes. The degradation pathway is well documented in the literature [20] [21] . Higher resolution of the pyrograms in In the triplets the first peak is assigned to diene, the second to alkene, while the third to alkane at a given hydrocarbon fraction [20] [21] . The first triplet in Figure 2 is linked with the C4 fraction. Note that the m/z values of butadiene, butene and butane are 54, 56 and 58, respectively. The other peaks can be easily assigned to the corresponding hydrocarbon fractions since the peaks follow at intervals of 14 mass units, representing a methylene group.
The MS traces in Figure 2 highlight that the formation of high molecular weight hydrocarbons, i.e. higher than C13 fractions, are markedly reduced in presence of FS.
LDPE/boehmite alumina nanocomposites
Similar mass spectra were obtained for the BA-filled nanocomposites. By contrast to the LDPE/FS series both C-8 and C10-13BS treatments of BA resulted in slightly enhanced high molecular weight hydrocarbon fractions compared to the untreated BA -cf. 
TGA-FTIR
The TGA combined with IR is a type of Evolved Gas Analysis (EGA) system. When a sample is heated in the TGA, the sample will release volatile materials, which are transferred to the IR cell, where the components are identified.
TGA onset temperature indicates the temperature at which the weight loss begins. It was found in this study that the addition of FS nanoparticles enhances the thermal stability of LDPE (Table 2) . For the LDPE/BA nanocomposite a similar tendency was found except the data measured at 20 °C/min The degradation profile of LDPE and its nanocomposites was followed from the analysis of the evolved volatile products. The Gram-Schmidt (GR) plots (e.g. Figure 4 ) show the total change in the infrared signal relative to the initial state. They provide information related to the total infrared absorbance of the evolved components over the entire spectral range. 
LDPE/fumed silica nanocomposites
LDPE/boehmite alumina nanocomposites
Effects of the BA nanofillers were similar to FS as demonstrated on the TGA behaviors of the related nanocomposites in Figure 6 . The corresponding results are listed again in Table 3 .
Recall that the observed stabilization, i.e. the shift in the TGA traces toward higher temperature, is generally attributed to the shielding effect of the nanoparticles in the evolution of the gases during thermal decomposition [14] . 
Activation energy of the thermooxidative degradation of the nanocomposites
By using the dynamic TGA data, measured at different heating rates, the activation energy can be calculated by using the method credited to Ozawa, Flynn and Wall (OFW) [14, 22] .
This approach, belonging to the integral isocoversional methods, assumes that the reaction rate at a given extent of conversion (α, in our case degradation) is only function of temperature. Accordingly, the temperature dependence of the isoconversional rate can be used to determine the related activation energy (E α ). Note that this does not imply the consideration of any reaction model and thus called "model-free" method [22] . Adapting the OFW method requires to measure the temperatures corresponding to fixed α values (T α,i ) from experiments performed at different heating rates (β i ). Based on the OFW approach, given by:
Plotting ln β i against 1/T α,i should give a straight line and its slope is directly proportional to the activation energy (-E α /R) , where T α,i is the absolute temperature linked to the fixed a conversion and R denotes universal gas constant. Note that in many reports there is a multiplication constant, namely 1.052, before the second term in Equation 1 [14, 22] .
To check whether or not E a is independent of the conversion, i.e. degradation degree, the following actual residual mass values were considered: 75, 50 and 25 %. They correspond to T d,25 , T d,50 and T d,75 "thermooxidative conversion" values, respectively. Recall that the related data are listed at different heating rates for all our systems in Table 3 . Figure 7 shows on example of LDPE/BA-C10-13BS where these data were taken from. The results in Table 4 show that the activation energy values slightly increase with increasing conversion. This is in accordance with the general trend found for the thermal degradation of polymers and related nanocomposites. However, E α does not increase monotonously for LDPE and the activation energy of LDPE/BA-C10-13BS follows an adverse tendency. If we would consider the scatter in the E α data within their 95% confidence limits the applicability of the OFW approach could be, however, substantiated.
In the present study the activation energy values are markedly lower (at about their halves) than those published in the literature for LDPE [23] . The obvious reason for that is that our LDPE was highly branched facilitating easy chain scissions. Entanglement of the long alkyl chains of the silane modifier in FS-C16 with molecules of LDPE matrix yielded lower E α values for LDPE/FS-C16 than those found for LDPE/FS. One can thus conclude that pure physisorption of the matrix molecules on the FS nanoparticles' surface prominently enhance the resistance to thermal degradation. Surface treatment supporting intensive chain intermingling with the matrix molecules does not affect the apparent activation energy compared to the matrix.
The scenario is somewhat different for the BA nanocomposites. First, the untreated BA practically does not influence the activation energy of the thermal decomposition of LDPE.
This is in harmony with the low specific surface of BA. Recall that the specific surface area of BA was at about the half of FS. The effect of BA is restricted for some time/temperature delay in the degradation -cf. data in Table 3 . Further, it is intuitive that octyl chains in BA-C8 are less prone for creating entanglements with the LDPE molecules than C16 chains on FS. The change in the E α values of LDPE/BA-C10-13BS as a function of the conversion can be attributed to the initially high resistance of the C10-13BS chains.
Conclusion
This work was devoted to study the thermal degradation behavior of low density polyethylene (LDPE) based nanocomposites with fumed silica (FS) and boehmite alumina (BA) nanoparticles with and without surface treatments. FS was treated by hexadecyl silane (C16), whereas BA by octyl silane (C8) and alkylbenzene sulfonic acid (C10-13-BS). The nanocomposites were subjected to pyrolysis gas chromatography-mass spectomertry (Py-GC-MS) and thermogravimetric analysis (TGA) investigations. Based on the results achieved the following conclusions can be drawn:
-nanoparticles did not change the basic degradation pathway but affect the relative fractions of the volatile hydrocarbons. Thus, the improved thermooxidative stability, manifesting in a shift of the TGA curves toward higher temperatures, is of physical origin and due to the barrier effect of the nanoparticles hampering the diffusion of the gaseous degradation products -FS caused a more prominent improvement in the thermal stability that was attributed to its higher specific surface compared to BA -the apparent activation energy of the decomposition, assessed by the Ozawa-FlynnWall (OFW) method, was reduced when the surface coating agent (C16) was capable for chain entanglements with the PE. The surface treatment of BA had a marginal effect on the activation energy, even in different stages of the decomposition.
